We have used 2-fluoroethyl propionate (2FEP), ethyl 2-fluoropropionate (E2FP), and ethyl 3-fluoropropionate (E3FP) as organic solvents for lithium secondary batteries. We describe the effect of position isomerism on the physical and electrochemical properties of monofluorinated ethyl propionates (EPs). The relative permittivities of E2FP and E3FP were higher than that of 2FEP, whereas the viscosity of E2FP was lower than those of 2FEP and E3FP. The ionic conductivities of 1 mol dm −3 LiPF 6 solutions in E2FP and E3FP were higher than those in 2FEP and EP above room temperature. The use of 2FEP or E2FP as a co-solvent greatly improved discharge capacities of Li | LiCoO 2 coin cells.
Introduction
Ethyl propionate (EP) is one of the linear carboxylates. EP shows high relative permittivity (¾ r = 5.76 at 20°C), but low viscosity (© = 0.501 mPa s at 25°C), as compared to linear carbonates such as dimethyl carbonate (DMC) (¾ r = 3.12 and © = 0.59 at 25°C), ethyl methyl carbonate (EMC) (¾ r = 2.93 and © = 0.65 at 25°C), and diethyl carbonate (DEC) (¾ r = 2.82 and © = 0.75 at 25°C). 1 These linear carbonates are commonly used as low-viscosity solvents for lithium-ion batteries. 2, 3 The use of linear carboxylates as alternative solvents can decrease the internal resistance of lithium batteries. However, the potentials for the oxidation decomposition of linear carboxylates (3.4 V vs. SCE for methyl acetate and methyl propionate) are lower than those of linear carbonates (3.7 V vs. SCE for DMC, EMC, and DEC). Monofluorination of ethyl acetate (EA) improved the anodic stability. 4 Methyl difluoroacetate is known as an excellent additive for lithium batteries. 2, 59 In this paper, we describe the temperature dependence of the mass density, molar concentration, relative permittivity, viscosity, and ionic conductivity of three monofluorinated EPs and report their application to lithium batteries. 2-Fluoroethyl propionate (2FEP), ethyl 2-fluoropropionate (E2FP), and ethyl 3-fluoropropionate (E3FP) are isomeric with one another: structural isomerism, which is especially called position isomerism. EP (bp 99.10°C, fp ¹73.85°C) shows a liquidus range that is wider than EA (bp 77.11°C, fp ¹83.55°C).
1 Figure 1 shows the structures of 2FEP, E2FP, E3FP, EP, and DEC.
Experimental
We synthesized 2FEP from propionyl chloride and 2-fluoroethanol in the presence of pyridine catalyst near room temperature. E2FP was synthesized from ethyl 2-bromopropionate and potassium fluoride near room temperature. E3FP was synthesized from 3-fluoropropionyl chloride and ethanol near room temperature. 2FEP, E2FP, and E3FP were prepared in yields of about 67%, 62%, and 29%, respectively. The products were collected and were purified under reduced pressure first by simple distillation and then by fractional distillation. The purity was determined to be more than 99.9% by means of gas chromatography equipped with a FID detector (Shimadzu Corp., GC-1700). EP and monofluorinated EPs were dehydrated with purified molecular sieves 4A before use.
The apparatus and techniques for measurements are essentially the same as those previously reported. 10, 11 3. Results and Discussion Figure 2 shows the temperature (ª) dependence of (a) mass density (d) and (b) molar concentration (c) of 2FEP, E2FP, E3FP, and EP. Included in this figure for comparison are data for DEC. The molar concentration was calculated from the mass density and the Interestingly, the molar concentrations of 2FEP and E3FP were higher than that of EP in spite of the increased molecular volume. The molar concentration reflects both the strength of intermolecular attraction and the reverse of the molar volume. A fluoromethyl moiety (CH 2 F-), which is the terminal end of a 3-fluoropropionyl (CH 2 FCH 2 CO-) or 2-fluoroethoxy (CH 2 FCH 2 O-) group in an EP molecule, can form intermolecular hydrogen bonds (CF-H*O=C or C-H*F-C) more effectively than a middle fluoromethylene moiety (-CHF-) of a 2-fluoropropionyl group (CH 3 CHFCO-). The volume contracts to some extent, and consequently the molar concentration increases. Thus, the molar concentrations dominate the order of the mass densities of monofluorinated EPs: 2FEP > E3FP > E2FP (> DEC > EP). The nonconventional weak hydrogen-bonding system does not exchange its proton and therefore it is no more a genuine hydrogen bond; it is an electrostatic attraction of a positive charge on the acidic hydrogen and a negative charge on the organic fluorine or the organic oxygen.
Physical properties
12 Figure 3 shows the temperature (ª or T) dependence of (a) relative permittivity (¾ r ) and (b) viscosity (©) of 2FEP, E2FP, E3FP, EP, and DEC. The relative permittivity reflects the ease of dielectric polarization. The relative permittivity has a very significant effect on the strength of the interactions between ions in electrolytic solutions. The viscosity is regarded as internal friction based on intermolecular forces and affects ionic conductivity. Both the relative permittivity and the viscosity depend on the molar concentration. Monofluorination of EP increased both the relative permittivity and the viscosity. It should be noted that the relative permittivities of E2FP and E3FP were higher than that of 2FEP, but that the viscosity of E2FP was lower than anticipated from the relative permittivity: E3FP > E2FP > 2FEP > EP > DEC for relative permittivity and 2FEP µ E3FP > E2FP > DEC > EP for viscosity.
The amounts of orientation polarization of E3FP and E2FP were larger than that for 2FEP. A propionyl group (CH 3 CH 2 CO-) is more electron-withdrawing than an ethoxy group (CH 3 CH 2 O-). Monofluorination of the propionyl group can make the opposite large charges separated in the molecule, and hence induce the large bond moment. Thus, the net dipole moments of the E2FP and the E3FP molecules may be larger than that of the 2FEP molecule. The molar concentrations of 2FEP and E3FP were higher than that of EP because of the contraction in volume, as stated above. The internal friction of 2FEP and E3FP can increase under these circumstances, and accordingly the viscosities of them were higher.
The viscosities of 2FEP, E2FP, E3FP, EP, and DEC decreased exponentially with an increase in temperature, and plots of log 10 (©/mPa s) vs. T ¹1 gave straight lines. The high translational kinetic energy allows intermolecular attraction to be overcome more easily, and the internal friction is reduced at high temperatures. The apparent activation energy for viscosity (E a,© ) is obtained from the relation proposed by Andrade: © = A © exp(E a,© /RT).
13 E a,© is determined to be 12.89, 12.80, 11.78, 9.136, and 11.76 kJ mol 1 for E3FP, 2FEP, E2FP, EP, and DEC, respectively. E a,© of E3FP, 2FEP, E2FP, and EP decreased in approximately the same orders as the mass densities and the viscosities.
Ionic conductivity
Conductivity (¬) of an electrolytic solution is a key factor determining the internal resistance and rate performance of lithium batteries. Figure 4 shows the temperature dependence of ionic conductivities of 1 mol dm ¹3 LiPF 6 (25°C) solutions in 2FEP, E2FP, E3FP, and EP. Included in this figure for comparison are data for a DEC solution. The conductivities of the electrolytic solutions increased with an increase in temperature. This is because the viscosities of solvents decrease rapidly at high temperatures, as shown in Fig. 3(b) . The decrease in the relative permittivity at elevated temperatures would not so much influence the conductivity. The conductivity can be affected by the ionic mobility, the charge numbers of the ions, the concentration of the electrolyte salt, the degree of ionic dissociation, etc. The ionic mobility relates to the viscosity of the electrolytic solution. The degree of ionic dissociation of lithium salts is set by the balance between the permittivity and Lewis basicity of the medium, depending on the concentration of lithium salt. 11 The conductivities of E2FP and E3FP solutions were higher than that of the 2FEP counterpart over the temperature range investigated. The relative permittivities of E2FP and E3FP were higher than that of 2FEP, as described above. This effect results in the , as shown in Fig. 5(a) . The finding suggests that the electron-pair donability of oxygen atoms of the -COO-moiety is lower in a 2FEP molecule than in an E2FP molecule. Consequently, the solvation of lithium ions can be weaker in 2FEP. The drop in the basicity of 2FEP may be produced by the nonconventional hydrogen bonds.
There was intersection of the two plots of conductivity against temperature: about 50°C for 2FEP and EP; about 8°C for E3FP and EP; and about 2°C for E2FP and EP. Thus, the conductivities of E2FP and E3FP solutions were higher than that of the EP counterpart over the temperature ranges (270°C for E2FP and 8 70°C for E3FP) that were wider than that observed for 2FEP (50 70°C). The threshold temperature, where monofluorination of an organic solvent led to an increase in conductivity, is also observed for 1 mol dm ¹3 LiPF 6 solutions in other linear esters and linear carbonates: about 65°C for 2-fluoroethyl acetate and EA solutions; 4 and about 47°C for ethyl fluoroacetate and EA solutions; 4 about 45°C for 2-fluoroethyl methyl carbonate and EMC; 14 and about 25°C for ethyl 2-fluoroethyl carbonate and DEC. 15 The presence of the threshold temperature indicates that the conductivity does not merely depend on the viscosity especially at elevated temperatures. Fig. 5(a) . We cannot determine the potentials for reduction decomposition of 2FEP and E2FP in the potential range of 2 0 V.
We assembled 2025-type coin cells to evaluate the performance by a charge-discharge test. Figure 5(b) shows the evolution of discharge capacities of Li/LiCoO 2 coin cells with respect to the cycle number at 25°C. We used 1 mol dm ¹3 LiPF 6 solutions in EC-2FEP and EC-E2FP equimolar binary mixtures as the electrolytic solutions. The coin cells were charged in a constant current (0.2 C)-constant voltage regime (4.2 V) for 5 h and then discharged to 3.0 V at a constant current of 0.2 C. The discharge capacity is expressed on the basis of the mass of LiCoO 2 as a cathode. Included in Fig. 5(b) for comparison are data for an EC-DEC equimolar binary mixture. As the cycle number increased, the discharge capacity in the EC-DEC system gradually decreased from 135 to 80 mAh g ¹1 . The discharge capacities in the EC-2FEP and the EC-E2FP systems were considerably higher than that in the EC-DEC system, and the use of 2FEP or E2FP as the alternative low-viscosity solvent remarkably suppressed the discharge capacity fading at high cycle numbers. The cathodic decomposition of 2FEP-based and E2FP-based solutions on lithium anodes can form passive thin films containing adequate amounts of organofluorine compounds. Although the organofluorine compounds have not been identified, lithium ions may readily pass through the surface film. The possible organofluorine compounds are monofluorinated lithium alkylcarboxylates. It is known that lithium alkylcarboxylates (RCOOLi) is formed on electrode surfaces by cathodic decomposition of nonfluorinated esters. 16 
Conclusion
The use of a series of monofluorinated EPs allows us to investigate the effect of position isomerism on the physical and the electrochemical properties. The viscosity of E2FP was lower than anticipated from the relative permittivity, and accordingly the conductivity of an E2FP solution was higher. We found that EP and E3FP were unstable to lithium. The use of E2FP or 2FEP as a cosolvent greatly improved discharge capacities of Li « LiCoO 2 coin cells. Electrochemistry, 80(10), 746748 (2012) 
